Optical sensing of long term impact of fibrinogen on titanium surfaces by Chaudhary, Neha
 
 
Optical Sensing of Long Term Impact of Fibrinogen on Titanium Surfaces 
 
 
 
 
Thesis 
submitted in partial fulfilment of the requirements for the degree  
 
Masters of Science 
(International Master’s Degree Programme in Photonics) 
 
 
 
 
                                                           Neha Chaudhary 
  (May 2012) 
                                        Department of Physics and Mathematics, 
University of Eastern Finland, Joensuu 
 
 
 
 
 
 
 
 
 
 
Thesis supervisor: Dr. Raimo Silvennoinen 
                                 Department of Physics and Mathematics, 
                                 University of Eastern Finland, 
                                 Joensuu, Finland 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I affirm that I have written the thesis myself and have not used any sources other those 
indicated in the reference section. 
 
 
 
 
Date / Signature.................................................  
 
 
Neha Chaudhary*; Optical Sensing of Long Term Impact of Fibrinogen on Titanium 
Surfaces – University of Eastern Finland (UEF), Department of Physics and Mathematics, 2012 
– 45 pages. 
Keywords: Titanium, biomaterial, DOE, reflectance, complex refractive index, optical 
roughness, gloss, goniometry. 
*Address: Department of Physics and Mathematics, University of Eastern Finland, P.O. Box 
111, FIN-80101, Joensuu, Finland 
 
ABSTRACT 
The biophysical reaction due to the adsorption of human plasma fibrinogen (HPF) biomolecules 
and salt solution on nine prepared polished titanium surfaces was investigated in this study. Four 
different optical techniques were utilized for analyzing the effect of protein layer on titanium 
samples. The long term effect of HPF biomolecules and salts on titanium was monitored by 
diffractive optical element (DOE) based sensor. The effect of two surface treatments of different 
durations on the morphology and reflectance of titanium was analyzed by DOE. The different 
parameters like reflectance, topography and surface wettability of contaminated titanium samples 
was also investigated. The results obtained by variable angle spectro-ellipsometry (VASE), 
diamond stylus profilometer and contact angle goniometry helps in understanding the attachment 
of biomolecules on the prepared titanium samples. 
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CHAPTER 1 
 Introduction 
 
 
Biomaterials exhibit the positive biological response within the living organism [1]. Today 
researchers are trying to develop more and more biocompatible biomaterials [1, 2]. Recent 
advances in the study of biomaterials lead its application in medical, chemistry, material science 
and biology [3]. In biomedicine, analyzing the reaction of biopolymers i.e. nucleic acids and 
proteins [4] with the different surfaces is a challenging task [5]. Titanium is a well recognized 
biomaterial giving satisfactory performance in the industries, research and medical field [4-6]. 
Titanium metal is corrosion resistant, light and has ability to adsorb the proteins which makes it 
ideal as a biomaterial. Due to the adsorption feature of titanium it is mostly used for the physical 
applications like dental and orthopaedic implants, prostheses  and cardiovascular applications 
and giving satisfactory results [ 4-9]. After implantation, a layer of protein mainly plasma 
proteins present in the blood is formed on the surface which explains the behavior and the 
biological reactions of the biomaterial surface with the coated protein layer [4-8]. In other words, 
this coated layer of protein signifies that titanium is a biocompatible biomaterial from human 
health [6] point of view. Even the doped titanium surfaces are giving positive results for 
biocompatibility and mechanical properties and are used as a successful biomaterial [7]. Due to 
these reasons titanium is selected for the study. 
Human plasma fibrinogen (HPF) is one of the most important proteins comprised in the blood 
which is adsorbed on the biomaterial surface after implantation process [5]. HPF consists of 
three polypeptide chains (α, β, γ) covalently bonded with disulphide [10]. The rod like and the 
elongated molecules [2] of HPF participates in blood clotting and interaction between platelet 
and surface [5, 6, 7, 11] and is quite important in the process of haemostasis and thrombosis [9]. 
In this study HPF molecules and buffer solution are used.  
Optical measurement of the surface arise the need of surface characterization for better 
understanding of the biophysical reactions of the biomolecules on the biomaterial surface [7, 12]. 
Today there are numerous techniques for studying the quantitative and qualitative adsorption 
process of certain biomolecules and their biological responses [1, 13]. Some surface 
characterization techniques used today are atomic force microscopy(AFM), quartz crystal micro 
balance (QCM) method, scanning electron microscopy (SEM), transmission electron microscopy 
(TEM) , surface plasmon resonance (SPR), scanning tunnel microscopy (STM), total internal 
reflectance fluorescence (TIRF), electrochemical impedance spectroscopy (EIS) [1,2,7]. These 
methods are suitable for determining the adsorption potential of the biomaterials only in dry 
environment [2, 7]. Equipments involving visible light are best for analyzing the biological 
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activity of certain molecules on biomaterials in liquid environment [2]. Diffractive optical 
element (DOE) and ellipsometry are quite promising techniques in surface characterization 
process.  
Recent advances in diffraction optics enable it to be an important part in the world of optics [14]. 
Diffractive optical element (DOE) is a novel and non destructive method in determining the 
interaction ability of certain molecules with the biomaterial surfaces. DOE has replaced the 
traditional optical components due to its compact size and higher diffraction efficiency [15]. This 
optical measurement device is used in forensic studies [16], optical sensor applications [15, 17], 
industrial optical inspection [18, 19] and many more areas. 
Variable angle spectroscopic ellipsometry (VASE) is reliable, accurate [20] and non destructive 
technique for analyzing the variation of surfaces caused by the adsorption of certain 
biomolecules. The main principle of VASE method is to study the optical properties of the thin 
film formed on the surfaces [20]. VASE measurements have proven to be very important 
technique for the optical characterization of the lithography films, antireflective layer, masked 
surfaces, index graded surfaces and photoresist materials [20]. 
Surface wettability i.e. hydrophobicity or hydrophilicity plays a major role in the biological 
interaction of protein adhesion to the biomaterial surfaces [11]. The surface characterization of 
the biomaterial surfaces used in dental and orthopaedic implantation and cardiovascular 
applications [9] also depends on hydrophilic or hydrophobic nature of the material [21].  
In this study the effect of biomolecules and salts for long duration on polished titanium surfaces 
are optically analyzed using DOE, variable angle spectroscopic ellipsometry (VASE), diamond 
stylus and contact angle measurement methods.  
This thesis is divided into five chapters. Chapter 2 and 3 deals with the aim of this study and the 
experimental materials and methods used for the surface characterization in this study. The 
results obtained by the techniques employed are presented and discussed in Chapter 4. Finally, 
the conclusions of this thesis are presented in Chapter 5. 
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CHAPTER 2 
Aim of the study 
 
 
The aim of this study is to analyze the effect of buffer solution (Phosphate buffered saline and 
sodium citrate) and human plasma fibrinogen proteins (HPF) for long duration on the polished 
titanium surfaces. Nine polished titanium samples were analyzed in this study. The surface 
parameters of polished titanium surfaces were characterized using different measurement 
techniques to study the contaminated surfaces. 
 
2.1 Gloss and optical roughness analysis 
The interaction of elongated and rod-like HPF molecules with the polished titanium surfaces 
were analyzed by monitoring gloss and optical roughness measured by DOE sensor. To monitor 
the effect of buffer solution (PBS and sodium citrate) and HPF biomolecules on titanium 
surfaces two surface treatments were performed. Four polished titanium samples were analyzed 
by DOE sensor for 2 hours and the remaining five polished titanium samples were monitored for 
5 hours. During 2 hour surface treatment, titanium samples were treated with water (8 ml) and 
buffer solution (2 ml) for 30 minutes and with HPF (1.1 ml) biomolecules for 90 minutes. And in 
5 hour surface treatment the titanium samples were treated with water (8 ml) for 1 hour, 2 hours 
with the buffer solution (2 ml) and the remaining 2 hours with HPF (1.1 ml) biomolecules. In 
both the surface treatments HPF biomolecules and buffer solution were added in the existing 
solution to analyze the interaction with the polished titanium surfaces and the DOE setup was 
same for both the surface treatments. The effect of the duration and the method followed for the 
surface treatment on the adsorption ability of the biomolecules on the polished titanium surfaces 
were analyzed in this study. The reflectance and complex refractive index of each polished 
titanium surfaces were measured by VASE before the DOE analysis. 
 
2.2 Change in reflectance 
The effect of surface treatment on reflectance of the polished titanium surfaces were also 
analyzed in this study. Variable angle spectroscopic ellipsometer (VASE) was used for 
determining the complex refractive index and reflectance of the polished titanium surfaces. The 
native titanium samples were measured by VASE before the DOE analyzed titanium samples to 
observe the reflectance changes due to surface treatment. Native titanium means the samples 
which were not treated by the biomolecules. The VASE measurements were performed at 70° 
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incidence angle to ignore the errors caused by the topography of the titanium surfaces [6]. The 
measurements were performed for the wavelength 400 – 1000 nm. VASE measurements in air 
for long duration were avoided because reaction of air molecules like carbon dioxide and oxygen 
with the protein layer may cause changes in the surface properties [7].  
 
2.3 Characterization of surface roughness 
The relation between the surface roughness and the adsorption ability of the polished titanium 
surfaces and the effect of surface treatment on the topography of the samples were also studied. 
Surface topography of the polished titanium samples were determined using Mitutoyo SJ201 
diamond stylus. Changes in the basic surface roughness parameters (Ra, Rz, Rq, and correlation 
length) of native and treated titanium samples with biomolecules were measured and analyzed. 
 
2.4 Analysis of surface wettability 
The relationship between the surface wettability parameter i.e. hydrophobic or hydrophilic nature 
and the adsorption ability of polished titanium surfaces were also analyzed in this study. Contact 
angle goniometer was used for studying the surface wettability properties of the polished 
titanium surfaces. In this approach aim was to determine the contact angle of ultra pure water 
droplet on the polished titanium surface. Contact angle of native and treated titanium samples 
were measured to observe the effect of surface treatment on contact angle. 
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CHAPTER 3 
Experimental materials and techniques 
 
 
3.1 Preparation of sample surfaces 
Titanium surfaces were chosen for this study due to its physical ability to adsorb the proteins and 
corrosion resistance property. Nine disc shaped titanium samples shown in Fig. 3.1 with a 
diameter of 9 mm and thickness of 2 mm were analyzed to observe the effect of surface 
treatment by biomolecules. 
 
 
Fig. 3.1: Nine titanium samples of diameter 9 mm and thickness 2 mm analyzed in this study. 
 
The Molding and polishing processes were performed to prepare a smooth and mirror like 
titanium surfaces for this study. These two processes are discussed below. 
 
3.1.1 Molding process 
Ceramic powder was used for the molding of rough titanium samples. The ceramic solution 
(neither too liquid nor solid) prepared using normal water was poured over the titanium samples 
placed in a circular steel ring. After 3 hours the dried mold was removed from the steel ring 
without damaging the titanium samples. Then the prepared mold was polished using the sand 
paper and polishing machine. 
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3.1.2 Polishing process 
Polishing process is followed after the molding of samples. The main aim of polishing is to 
prepare smooth and mirror like surfaces. Sandpaper is first chosen for mechanically polishing 
and removing the grooves present on the surface. Sandpapers can be differentiated on the basis 
of number of abrasive particles present per square inch on it [22, 23]. The choice of sandpaper 
depends on the type of surface to be polished [22]. If the surface is very rough then lowest grit 
sandpaper must be chosen first which removes all the grooves present and gives a smooth and 
scratchy surface. Then continue with the next grade of sandpaper for further smoothening. The 
change of sandpaper depends on our own judgment till we have a nice shiny surface. The 
titanium samples analyzed in this study were sanded with 150 and 400 grit sandpaper. 
Phoenix 4000 sample preparation system by Buehler shown in Fig. 3.2 is mainly used for the 
polishing of metals and other materials for study [24].  
 
 
Fig. 3.2: Phoenix 4000 sample preparation system by Buehler 
 
Phoenix 4000 sample preparation system with single wheel unit was used for the polishing of 
molded titanium samples. The operation of polishing machine is controlled using the touch-pad 
type with LED displays shown in Fig. 3.3. Before starting the polishing of molded titanium 
Lubricating oil 
Touch pad with 
LED display 
Head 
Specimen holder 
attached to head 
Wheel 
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samples the wheel is cleaned using normal water. The wheel speed and the duration of cleaning 
the wheel were adjusted to 200 rpm and 5 minutes and no force was applied. Polycrystalline 
diamond suspension was preferred over the monocrystalline suspension because it gives 
smoother surfaces. Buehler polycrystalline diamond suspension 9 micron and 3F µm was used 
for the polishing of titanium samples. The polishing process was scheduled for 3 hours. 9 micron 
diamond suspension was used with red magnetic plate for 1 hour and in the remaining two hours 
3F µm diamond suspension with green magnetic plate was used. Magnetic plates were placed on 
the wheel. The specimen holder with the sample molds were attached to the head of polishing 
machine. The wheel speed and sample force were adjusted to 25 rpm and 15 lbs and the 
polishing time was adjusted according to the planned schedule. The polishing process was started 
by pressing “start cycle” on the touch pad and it automatically stops after completing the 
adjusted time. The lubricant oil droplets were allowed to fall slowly at a constant rate on the 
mold for reducing the friction between the molded samples and the magnetic plate. Finally the 
polished titanium samples were hammered out from the ceramic mold without damaging the 
samples. 
 
 
 
 
 
 
Figure 3.3: Touch-pad panel with different parameter controls to operate Phoenix 4000 
sample preparation system. 
 
3.1.3 Cleaning of polished titanium samples 
The polished titanium samples were cleaned ultrasonically for 10 minutes with normal water and 
then three times with ultra pure water for 10 minutes in ultra sonic bath. After drying the cleaned 
titanium samples were stored in an air tight box for avoiding the reaction with air. 
  Head speed Polishing time Sample force 
 Adjustment 
of head 
Cycle 
start/stop 
Force 
condition 
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In this study nine polished titanium surfaces were prepared for the surface characterization using 
different optical techniques. The samples without any treatment with proteins or chemicals are 
referred as native titanium samples and the titanium samples treated with some chemicals or 
proteins are referred as treated titanium samples. 
 
3.2 Chemicals and proteins 
Phosphate buffered saline (PBS) prepared with 8 mM Na2HPO4, 1.8mM KH2PO4, 140mM NaCl, 
and 2.7 mM KCl and sodium citrate (Na3C6H5O7) serves as a background electrolyte in the 
diffractive optical element based sensor method. Human plasma fibrinogen (HPF) purchased 
from Sigma with PBS was used for analyzing the adsorption ability of the polished titanium 
samples in this study. All the measurements involved in this study were performed at room 
temperature. 
 
3.3 Diamond stylus 
Surface topography is one of the deciding factors for determining the application of a particular 
product. Diamond stylus profilometer is the most common and classical roughness measurement 
technique which helps in assessing the surface profile. There are some drawbacks of using stylus 
profilometer but the compact, light weight and convenient to use factors surpasses all the small 
errors caused by it. Mitutoyo SJ-201 diamond stylus shown in Fig. 3.4 was used for analyzing 
the topography of the native and treated titanium samples in this study. 
 
Fig 3.4: Mitutoyo SJ201 diamond stylus 
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3.3.1 Basic working principle of stylus 
The basic principle behind the working of diamond stylus is that a thin stylus probe is allowed to 
scan the peaks and valleys present on the surface of workpiece in the vertical direction along a 
line as shown in Figure 3.5 [7, 25]. During the vertical motion of the probe along a line some 
small forces due to the surface irregularities i.e. small peaks are sensed by the stylus probe. The 
profilometer displays the basic surface parameters after scanning of the workpiece and helps in 
assessing the topography of the surface. 
The stylus should be kept parallel to the measuring surface and sample should be kept on a firm 
base to avoid the errors in the result. Basic surface roughness parameters measured using stylus 
are roughness average (Ra), root mean square roughness (Rq), average maximum height of the 
profile (Rz), maximum height of the profile (Rt) and many more. 
 
 
Figure 3.5: Standardized method for surface parameter measurement using diamond stylus 
 
3.3.2 Surface roughness parameters 
Surface topography plays an important role in determining the surface properties. The surface 
type distinguishes it for different applications. The quality and applications of the surface largely 
depends on the roughness of the surface. Surface roughness is basically the irregularities or hills 
and valleys present on the surface. In fluid dynamics [25], abrasive processes, bioengineering, 
geomorphometry [25] and in many more applications surface roughness plays a critical role. 
Statistical results are obtained while calculating the roughness of a surface due to data record 
length. Through the surface profile shown in Figure 3.6 measured by diamond stylus the basic 
roughness parameters can be explained. 
Motion of stylus in vertical direction  
 Sample 
Diamond stylus  
 Stylus 
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Figure 3.6: Example of a gaussian profile of the sample measured by diamond stylus, where L is 
the total evaluation length in millimeter and z(x) is the surface profile height in micrometer. 
 
Roughness average (Ra) values are basically the integral of the absolute value of the area 
between the measured profile height and the calculated mean profile height over the total 
evaluation length. Ra is generally measured in micrometer. It can be calculated by Eq. (1) given 
below. 
                                                       
 
 
              
 
 
 ,                                                  (1) 
Here, L is the evaluated length by stylus, x is the position of stylus at a particular point on 
measuring sample, and z(x) is the surface profile height [26]. 
Average surface roughness parameter is very important for industrial and engineering 
applications [26]. Surface profile of surfaces having different morphology may have same 
average surface roughness value [26, 27]. For example, the surface profiles shown in Figure 3.7 
may have same average roughness values. So, for the surface characterization of these two 
surfaces having same profile Ra alone is not sufficient. Due to the non-informative limitation 
other parameters should also be considered for the assessment of surface roughness. 
 
Figure 3.7: Surface profile of two different surfaces. 
 
   z(x)    z(x) 
   L    L 
   z(x) 
   L 
    Sample measured 
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Another surface roughness parameter used quite often is root mean square (rms) surface 
roughness (Rq). It can be calculated by using Eq. (2). 
                                                    
 
 
                  
 
 
 
 
  
 .                                      (2) 
After applying general algebra, Rq ≥ Ra. It is possible that two surfaces might have same profile 
height but the slope of the profile can make a difference [26]. So, calculation of rms roughness is 
quite necessary. 
Mean roughness depth Rz is the average value of all the roughness depths measured at a 
particular length. Rz is measured in micrometer. 
Correlation length (lC) is also an important statistical parameter for finding out the roughness of 
the surface. It tells the distance between the two points with different heights. In other words, it 
explains the height variation or irregularities of the surface [26, 28]. The autocorrelation of the 
measured profile with the values larger than 1/e (around 0.3679) over a horizontal distance gives 
the correlation length [28]. Correlation length and roughness of a surface are inversely 
proportional to each other.  
 
3.3.3 Surftest SJ201software 
Surftest SJ201 software was launched by Mitutoyo corporation. It helps to establish the serial 
communication between a computer and Mitutoyo Surftest SJ201 surface roughness tester. This 
software can control the measurements taken by roughness tester and the results can also be 
outputted on a personal computer. 
Communication between a computer and SJ201 roughness tester is established using RS-232C 
cable. SJ201 roughness tester should be in remote mode to start the RS232C serial 
communication. The communication port of the computer should also be checked before starting 
the measurements.  
The measurements are started by clicking “measure” button in the SJ201 certificate sheet shown 
in Fig. 3.8 and the serial communication program is launched as shown in Fig. 3.9.  
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Fig. 3.8: Three important functions for operating SJ201 certificate sheet. 
The important operations to control the Surftest program are labeled in Fig. 3.9. In Fig. 3.9 
SJ201 profiler and the personal computer are connected to each other using COM3 and if they 
are not connected then to try to reconnect it by clicking “reconnect” button. After obtaining the 
surface profile results “make certificate” button is clicked in the SJ201 certificate excel sheet in 
order to get all the profile data measured in excel form and can be exported for further study. 
 
 
 
Fig. 3.9: Surftest SJ201 serial communication software window. 
Measure 
Make certificate 
Export  
Launches Surftest 
SJ201 program 
 
For saving the 
results for further 
study 
 
Surface profile 
results in excel data 
sheet 
 
Communication port 
Conditions for 
measurement 
Surface profile result 
Start 
Stop 
Exit from 
program 
Evaluation length 
   Reconnect 
Load 
measured 
data 
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3.3.4 Advantages and disadvantages of stylus profilometer 
The benefits of stylus profilometer over the other non-contact optical profilers are as follow: 
 Stylus profilometer results are not affected by the properties of the surface material and 
are a better option for analyzing the treated surfaces with some chemicals or proteins in 
comparison with other contact optical profilers [29]. 
 Data fitting or modeling [29] of the data is not required while analyzing the results. The 
surface profile parameters are displayed on the screen of stylus profilometer which can be 
used for the analysis. 
The limitations of diamond stylus which tends to introduce some errors are as follow: 
 The correct measurement of surface profile is depended on the dimension of stylus. It is 
more clearly illustrated in Fig. 3.10. If the size of stylus is not appropriate for the surface 
characterization then the actual profile is not scanned by the profilometer [25, 30]. 
 
 
Fig. 3.10: Error due to the size of stylus. 
 
 The direct contact of stylus with the measured surface may cause some changes in the 
topography of surface. 
 
3.4 Variable angle spectroscopic ellipsometer (VASE) 
Variable angle spectroscopic ellipsometer (VASE) is a novel and highly promising technique 
used in the biomedical and industrial applications. VASE is mainly used for the optical 
characterization of the layer deposited on the host surface. Traditional ellipsometer instruments 
like null ellipsometer were incapable in characterizing the optical properties of ultra thin film 
layer and were quite time consuming [31]. The advantages of VASE method has overtaken all 
the other ellipsometric measurement instruments like polarization modulation ellipsometer 
(PME), rotating analyzer ellipsometer (RAE), and rotating compensator ellipsometer (RCE) [31]. 
3.4.1 Mathematical theory for ellipsometric analysis 
Ellipsometry is mainly based on the Fresnel principle [20, 31] for analyzing the behavior and 
interaction of a polarized light with any layered material. This simple and non-destructive 
Measured profile 
Actual surface 
profile 
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technique measures the amplitude and the phase difference between the s (electric field normal to 
the plane of incidence) and p (electric field parallel to the plane of incidence) polarization after 
interaction with the surface. The Fresnel reflection coefficients are related to the amplitude and 
phase difference of s and p components of polarized beam using Eq. (3) [19, 31].  
                                                            
  
  
           ,                                                    (3) 
Here,   is the complex ratio of Fresnel reflection coefficient for p component RP and s 
component RS of polarized light and   and   are amplitude and phase difference between these 
two components.  
Reliable and accurate ellipsometric results are obtained because the amplitude and phase 
difference parameter of same polarized light is measured [31, 32]. The other ellipsometer 
instruments are incapable in measuring the ultra thin film but the phase difference parameter   
measured by VASE can characterize such materials [31]. It is used to analyze layer thickness, 
complex refractive index (N=n+ik, where i denotes the imaginary part). 
Reflectance R is defined as the fraction of light reflected from the surface. Figure 3.11 shows the 
light propagation due to thin film adsorbed on the surface. So, for keeping track on film growth 
reflectance can be calculated using Eq. (4) [33]. 
                                                           
         
         
  ,                                                       (4) 
Here, n is the real part and k is the imaginary part of the complex refractive index N of the 
sample. 
 
 
Fig. 3.11: Multiple reflection of light intensity I0 by thin film of refractive index N1 and 
thickness z deposited on sample host of refractive index N. 
Θ0 Θ 
z 
Incident light 
Reflected 
light 
N1 
N 
Thin film 
Host material 
I 
I0 
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Beer-Lambert law explains the relationship between the amount of light absorbed and the 
concentration of material with which light is interacting. The thickness of thin film on a surface 
is an important factor for reflectance variation. Thus, it is quite important to calculate the layer 
thickness z and it can be calculated using Beer- Lambert law given by Eq. (5) [2]. 
                                                                   
  
 
     
    
 
   ,                                                  (5) 
Here, I0 is the intensity of incident beam, I is the intensity of transmitted beam, k is the extinction 
coefficient of the material, and λ is the beam wavelength. 
 
3.4.2 Working of VASE 
The working principle of VASE is shown in Fig. 3.12. The power source xenon arc lamp 
provides a broad wavelength range input to the monochromator. The monochromator operates at 
a spectral range of 250 nm – 1700 nm. A single wavelength needed for measurement is selected 
by the monochromator. The unpolarized and collimated light from monochromator passes 
through the input unit i.e. the polarizer and alignment detector socket. The exiting polarized light 
from the input unit is obliquely incident on the sample surface so that s and p polarization 
components can be distinguished from each other [34]. The change in polarization of the 
reflected (or transmitted light) is detected by the detector. The electrical signal is then sent to the 
computer for the analysis of data using WVASE32 software. Computer is used to control the 
functioning of ellipsometer. 
 
Fig. 3.12: Basic principle of VASE. 
 
Input unit Detector 
Unpolarized 
light 
Polarized light 
Sample 
Monochromator 
Computer 
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WVASE32 software is a powerful and dependable tool for analyzing the data obtained by 
ellipsometer. This software offers a large variety of options for performing the measurements 
like different modeling options [35], analyzing large number of ellipsometric parameters, 
versatile option for wavelength range and angle of incidence. 
3.4.3 VASE analysis of protein adsorbed titanium samples 
The effect of surface treatment on the titanium samples were analyzed with a Woollam variable 
angle spectro-ellipsometer (W-VASE). The reflectance of native titanium samples were studied 
before the DOE sensed titanium samples to analyze the interaction of protein with the titanium 
surfaces. The VASE measurements were performed at 70° incidence angle to ignore the errors 
caused by the topography of the titanium surfaces [6, 8]. The complex refractive index 
measurements were performed for the wavelength 400 – 1000 nm. The VASE measurements in 
air for long duration were avoided because reaction of air molecules like carbon dioxide and 
oxygen with the protein layer may cause changes in the surface properties [7]. 
 
3.4.4 Benefits and limitations of VASE 
The attractive features of VASE which makes it ideal for different applications are as follow: 
 Variable angle of incidence : 
Measurement at different angle of incidences is advantageous for the multi-layered 
structures [20]. The path length of the light changes at different incidence angle and gives 
the necessary information regarding the characteristics of thin film. And the number of 
data points increases with more number of measurements at different angle of incidences 
and the results are more accurate. 
 
 Wide spectral range 
The operation of VASE at wide spectral range makes it appropriate for different 
applications like lithography [20], biomedicine and in industry.  
 
 Highly accurate and reliable results 
VASE results are highly reliable because it measures the same signal and is a non-contact 
and non- destructive technique. 
Raw data   and   values obtained by ellipsometric measurements are not sufficient for 
determining the optical constants refractive index n, extinction coefficient k, and layer thickness 
z [32]. Parameterized model is needed for the modeling of measured data and analyzing the 
optical parameters which is a major drawback of this method. 
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3.4.5 Applications 
Recent developments extended the use of VASE in developing various biosensors [32], 
biomedical applications, industrial research for innovating new materials [31], and lithography 
[20].  Ellipsometry is combined with the imaging concept for visualizing the structural change of 
protein adsorbed on the substrate [32]. Imaging ellipsometry is quite promising in the biomedical 
and material research. Researchers are using electrochemical methods and ellipsometry together 
to observe the electrochemical interaction between the certain proteins and a host material [32]. 
3.5 Diffractive optical element (DOE) based sensor 
Diffractive optical element based sensor is an efficient method for the investigation of 
biocompatibility of the biomaterials. It helps to analyze the adhesion of biomolecules on the 
biomaterials which in turn makes the biomaterial successful for the dental implants [4], 
cardiovascular applications [9] and replacement of joints and bones. The compact size, simple 
setup and higher diffraction efficiency of DOE enabled it to replace the traditional optical 
elements [15].  
 
3.5.1 Diffractive optical element (DOE) 
Diffractive optical element (DOE) is based on diffraction optics and helps in assessing the 
surface properties also in the liquid environment. The imaging concept of DOE follows the 
holographic technique [6, 18] i.e. the topographical image of the surface can be recorded and 
further analyzed. The polarization state of the reflected light is not a critical point and 
monochromatic light is used while the DOE measurement [18]. Thus, this non-destructive 
technique is quite suitable for the optical characterization of different surfaces. 
When a monochromatic light is reflected from the sample surface, the coherent light passing 
through the aperture of DOE produces a 4 x 4 dot matrix image as shown in Fig. 3.13. Image 
may be distorted due to the topography of surface and the reactions caused by the chemicals 
added and the sample surface [6]. This image helps in assessing the gloss and optical roughness 
of the sample surface. Surfaces with different topography will produce different DOE images. 
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Fig. 3.13: 4 x 4 dot matrix and the intensity graph of DOE image where y-axis represents the 
image intensity I and x-axis is the pixels of distance measured. 
 
Gloss and roughness are important surface characterization parameters and are related to each 
other. The DOE image provides coherent and non-coherent response [1, 6] of the optical signal 
i.e. optical roughness and gloss related information of the surface. Gloss G is measured in gloss 
units (GU) and optical roughness Ropt in meters. Gloss of a test surface is assessed through the 
non-coherent response of the optical signal. If the peaks of the intensity plot formed by the 4 x 4 
spot matrixes are ignored then the gloss values can be obtained. Refractive index and 
permittivity of the material are also related to the non-coherent response [1]. Non- coherent 
response INC is given by Eq. (6) [1, 2, 6]. 
                                   
 
      
          
   
     
   
     
    ,                                                (6) 
Here, nsw, msw  are the total pixel dimensions of the signal window showing the response, 
subscript sw denotes the signal window and Ii, j is the pixel value i, j of the image recorded by 
DOE. 
The resulting gloss of the material can be determined by the normalization of the gloss G 
obtained by the non-coherent part of the optical signal with the gloss of black glass. The gloss 
value of reference black glass is 100 GU. The gloss G (GU) can be calculated using Eq. (7) [1, 
2]. 
                                                        
    
    
      ,                                                               (7) 
Here,      denotes the non-coherent response of the surface calculated using Eq. (6) and      is 
the non-coherent response of reference black glass. 
4 x 4 Dot matrix 
I 
D             
Signal window 
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The coherent response of the optical signal provides the information regarding the optical 
roughness of the surface. The peaks obtained in the plot gives the phase information of the 
reflected light by the surface. The coherent response IC can be calculated using Eq. (8) [1, 2, 6]. 
                                         
 
      
          
   
     
   
     
 ,                                                  (8) 
Here, npk, mpk represents the pixel value of the peaks shown in the optical signal window and the 
subscript pk signifies peak values. 
The resulting roughness Ropt can be calculated using Eq. (9) [1, 2]. 
                                             
 
  
      
    
    
   
   
  .                                                          (9) 
Here,   is the wavelength of the beam used for DOE experiment, R is the reflectance value, 
subscripts s and r denotes the sample and reference and IC is the coherent response obtained 
using Eq. (8). 
 
3.5.2 Setup of DOE based sensor  
The experimental setup of DOE sensor is presented in Fig. 3.14. The light source utilized in this 
setup is a He-Ne laser that produces light at the wavelength of 632.8 nm. The monochromatic 
and expanded laser beam is allowed to hit the sample surface S after passing through the optical 
density wheel OD, iris I, lenses L1 and L2 and the beam splitter BS. The brightness of 4 x 4 dot 
matrix (shown in Fig. 3.13) displaying on the computer screen can be adjusted by the optical 
density wheel. The OD wheel is divided into 8 segments and the best segment is decided by the 
image with high peaks and low noise displayed in the signal window. The spatial filter F is used 
for cleaning the spatial noise present in the signal and iris I limits the amount of beam towards 
the sample. Aperture A plays the same role as iris and produces a focused signal. The beam 
splitter guides the light towards DOE for reference and sample images. The 4 x 4 spot matrixes 
produced by DOE are collected by charge coupled device (CCD 2 and CCD1) and both the 
reference and sample images are analyzed using a computer. An extra optical density can be 
placed between the beam splitter producing a reference image and the lens L2 to further reduce 
the noise of signal and brightness of dot matrix. 
 
20 
 
 
Fig.3.14: Schematic setup of DOE sensor with laser, optical density wheel OD, spatial filter F, 
iris I, lenses L1 and L2,aperture A, beam splitter BS, sample S, DOE, CCD (1) reference camera, 
CCD (2) sample camera and computer. 
 
Sample S of complex refractive index N1 is immersed in the background electrolyte having a  
complex refractive index N2 inside a cuvette with a glass window of index N3. For analyzing the 
adsorption ability of the sample, biomolecules of complex refractive index N4 are added to the 
existing solution and the structural changes are analyzed. The sample S is placed vertically in the 
sample cuvette to reduce the sedimentation [7]. A transparent and chemically inactive [13] 
rectangular glass is used for stirring the liquid in sample cuvette. For stabilizing the signal [13] 
through the liquid and proper adsorption of biomolecules on sample surface a stirrer is used 
inside the sample cuvette. The motion of stirrer is controlled using a motor. The stirrer rotates at 
a constant and slow speed to avoid any structural change of biomolecules [13]. 
There is no requirement of an extra focusing optical element between DOE and the CCD 
cameras because DOE focuses the image perfectly without any distortion [18]. DOE cannot be 
replaced by any lens or other focusing system because lenses collect all the light scattered by the 
sample and highly distorted image with lots of noise is produced [14].  
 
 
DOE 
 
Laser 
OD 
L1 L2 
BS S 
CCD 
(2) 
Computer 
DOE 
 
CCD          
(1) 
F I A BS 
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3.5.3 DOE analysis of protein adsorbed titanium samples 
Two surface treatments were performed to analyze the long term effect of HPF biomolecules and 
salts on the titanium surfaces. Four polished titanium samples were analyzed by DOE sensor for 
2 hours and the remaining five polished titanium samples were monitored for 5 hours. During 2 
hour surface treatment, titanium samples were treated with water (8 ml) and buffer solution (2 
ml) for 30 minutes and with HPF (1.1 ml) biomolecules for 90 minutes. And in 5 hour surface 
treatment the titanium samples were treated with water (8 ml) for 1 hour, 2 hours with the buffer 
solution (2 ml) and the remaining 2 hours with HPF (1.1 ml) biomolecules. In both the surface 
treatments HPF biomolecules and the buffer solution were added in the existing solution. All the 
DOE measurements were performed at the room temperature. The gloss G and optical roughness 
Ropt trend of both the surface treatments were compared and the effect of duration on the titanium 
samples was also analyzed. 
 
3.5.4 Advantages and Disadvantages of DOE based sensor 
Diffractive optical element is more preferred than other optical elements due to the following 
reasons. 
 The thin, light weight and small structure of DOE makes it favorable for integrating in 
the design of large optical systems [36].  
 DOE helps in the dynamic study of test surfaces even in the liquid environment which 
makes it quite advantageous over other techniques.  
 Reliable results are obtained through this method because it is a non-contact and non-
destructive technique. 
The focusing element DOE is suitable only for monochromatic wavelength designs which are 
one of the major limitations [37]. Any change in the wavelength may affect the results. 
 
3.5.5 Applications of DOE 
DOE is an efficient and a reliable tool in the quality inspection of products in industries [18, 19], 
biomedicine, telecommunication [36] and forensic study [16]. DOE is used for the designing of 
different optical routers [38], and optical sensors like surface plasmon resonance (SPR) sensors, 
guided mode resonance sensors (GMR) sensors [15]. Some of the DOE based microsensors are 
used for the measurement of fluid flow parameters [17].  
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3.6 Contact angle goniometry 
Contact angle measurements are used to determine the basic properties of the solids and liquids 
like adhesive and cohesive behavior, wettability [11, 39], surface tension, and the structural 
properties. In material science and industrial applications [39] contact angle measurement is 
needed for inspecting the quality and properties of the product. Contact angle parameter has a 
large influence in the selection of implant materials. Contact angle distinguishes each surface and 
also helps in characterizing the properties of contaminated surface. 
Contact angle   can be defined as the angle between the outward tangent line of liquid and the 
liquid-solid interface. The wettability of the solid surface depends on the adhesive and cohesive 
forces. If adhesive force is stronger then contact angle decreases and the liquid spreads on the 
surface and in case of stronger cohesive force the liquid droplet maintains its shape on the 
surface and does not wet the surface. Contact angle concept was proposed by Young in 1805 
[21]. Young’s equation [39] expressed by Eq. (10) establishes the relationship between the 
contact angle ( ) and the surface free energies of liquid, and solid. 
                                                      
       
   
     .                                                               (10) 
Here,     is the surface energy of solid surface,     is the surface energy of solid-liquid 
interface,     is the liquid surface energy. The above equation is more clearly illustrated using 
Fig. 3.15. 
 
Fig. 3.15: Contact angle   (in degree) between solid-liquid interface having surface energy    , 
and     and    denotes the surface energy of solid and liquid. 
 
Materials can be divided in three classes on the basis of contact angle ( ). 
   = 0° implies that surface energy of solid is greater than the surface tension of liquid. 
Adhesive forces are quite strong and wet the surface. 
θ 
    
        Sample  
Liquid 
droplet 
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Imaginary 
normal line 
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 When surface energy of the solid is high but still less than the surface tension of the 
liquid contact angle is 0° <   < 90° and cause wetting of the surface. Such surfaces are 
termed as hydrophilic. 
 Contact angle   > 90° when surface energy of the solid is low and cohesive force 
dominates. Such surfaces are known as hydrophobic. 
 If   > 150° then the surfaces are known as super-hydrophobic [40]. 
Contact angle goniometry is used for the characterization of surfaces. KSV CAM 200 contact 
angle measurement system shown in Fig. 3.16 is used for determining the surface energy and the 
contact angle of liquid on substrate surface. The contact angle goniometer consist a light source, 
sample stage, sessile drop by a syringe, push plate for holding the syringe plunger, and a camera 
for capturing the image of a liquid drop on the surface. In goniometry, the optical image of the 
liquid droplet captured by the camera is analyzed and the contact angle formed between the 
liquid and solid interface is determined using the software [41]. Viscosity [42] and surface 
tension between the surfaces are the important factors behind the shape formed by the liquid on 
the surface. In this study, the contact angle between ultra pure water and polished titanium 
samples is analyzed. 
 
 
Fig. 3.16: KSV CAM 200 contact angle measurement system. 
 
KSV contact angle measurement system software is used for operating KSV CAM200 system 
and analyzing the liquid droplet on a surface. Contact angle values can be determined with ease 
by the software without any calculations. 
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Large number of contact values can be recorded quickly for more reliable results. The main 
disadvantage of goniometry in determining the contact angle is choosing the correct baseline 
between the drop and surface. Baseline is adjusted manually using the software and the two 
different baselines with small difference for the same liquid droplet produces a significant error 
[42]. 
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 CHAPTER 4 
Results and discussion 
 
 
4.1 Optical sensing of protein layer by DOE based sensor 
4.1.1 Five hour surface treatment process 
Fig. 4.1 shows the collective DOE results of the average gloss (G) and optical roughness values 
of the polished titanium samples immersed in water, buffer solution (PBS and sodium citrate) 
and HPF molecules. The DOE setup for all the measurements was same. In Fig. 4.1 the bars 
denote the average value of the temporal signals of gloss and optical roughness measured by 
DOE and the vertical lines on the bars denote the standard deviation. The DOE analysis was 
performed for 5 hours and the buffer solution and HPF molecules were added in the existing 
solution only. The average and standard deviation values of the temporal responses are 
represented in the statistical form to visualize the G and Ropt trend more clearly.   
Fig. 4.1: Average (a) gloss (G) (in GU) and (b) optical roughness (Ropt) (in 10
-9
 meters) of treated 
polished titanium surfaces immersed in water, and in buffer solution with or without HPF 
molecules. The numbers shown on the x- axis are the titanium sample numbers and the vertical 
lines on the bars denote the standard deviation. 
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From Fig. 4.1, we observe that the baseline measurement with water does not show a constant 
behaviour with the polished titanium surfaces because of the fact that all the surfaces are unique 
[2] and exhibit different behaviour. When the polished titanium surfaces are exposed to buffer 
solution i.e. PBS and sodium citrate Ropt value increases for all the five titanium samples and the 
gloss value decreases except in the case of Ti1 and Ti8 titanium sample. After the injection of 
HPF molecules in the existing solution of buffer and water from Fig. 4.1(a) we observe slight 
increase and decrease in the gloss values which indicate clearly the adsorption of biomolecules. 
From Fig. 4.1(b) after the addition of HPF biomolecules we observe slight increase in Ropt  values 
for Ti1, Ti3 and Ti8 titanium samples and no clear change for the rest of the samples. No change 
in the Ropt values implies inability of the biomolecules to adsorb properly on the titanium 
surfaces and increase in Ropt value indicates the adhesion of the HPF biomolecules on the 
polished titanium surfaces.  
The average gloss and Ropt values of 5 hour DOE treated titanium samples shown in Fig. 4.1 
were ranging between 91-102 GU and 106- 292 nm, respectively. In Fig. 4.2 an example of (a) 
sample and (b) reference image of the Ti1 polished titanium sample measured by DOE for 5 
hours is presented.  
 
Fig. 4.2: (a) Sample and (b) reference DOE image of Ti1 sample recorded with the CCD camera. 
Numbers shown on the x and y- axis represents the pixel numbers. 
 
Coherent (Gloss) and non- coherent (optical roughness) response of Ti1, Ti2, Ti3, Ti7 and Ti8 
titanium samples were monitored with the help of DOE. The temporal response of gloss G (in 
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GU) and optical roughness Ropt (in meters) of Ti1 polished titanium sample is presented as an 
example in Fig. 4.3. The dashed vertical line separating phase (I) and phase (II) indicates the 
addition of buffer solution (PBS and sodium citrate) to water and the addition of HPF 
biomolecules to the existing solution (water + buffer) is indicated by the dashed vertical line 
separating phase (II) and phase (III). The different colored lines represent the different 
polarization states. Red line denotes θ=0°, green θ=45° and red θ=90° polarization angle of the 
probe beam. 
 
 
Fig. 4.3: Temporal response of (a) gloss and (b) optical roughness recorded by DOE for 5 hours 
from a polished Ti1 titanium sample in water (I), buffer solution (II) and HPF biomolecules (III). 
The dashed vertical line indicates the addition of buffer and HPF molecules. 
 
From the temporal response presented in Fig. 4.3 we can clearly observe a strong chemical 
reaction after the addition of buffer solution (phase II) to water (phase I) and increase in the gloss 
and Ropt values. In phase (II) the temporal responses were stabilized after 1 hour of addition of 
the buffer solution to water. After injecting the HPF biomolecules there is a slight decrease in the 
gloss G and optical roughness Ropt values slightly increases compared to PBS. It clearly indicates 
the interaction of the biomolecules with the polished titanium surface. The interaction of the 
biomolecules with the titanium samples was quite stable and almost constant in phase (III). So, 
the interaction of biomolecules can be clearly interpreted through the DOE analysis for 5 hours. 
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The effect of the treatment by the chemicals and proteins on the titanium surfaces are discussed 
more deeply in the discussion section 4.5. 
4.1.2 Two hour surface treatment process 
In Fig. 4.4 average of gloss and optical roughness values monitored by DOE are presented. Blue 
bars denote the DOE measurement of polished titanium samples Ti4, Ti5, Ti6 and Ti9 in water 
and buffer solution and measurement in HPF biomolecules is denoted by white bars. The vertical 
lines on the bars denote the standard deviation. 
 
 
Fig. 4.4: Average gloss (G) in GU and optical roughness (Ropt) in meters of treated 
polished titanium surfaces immersed in water and buffer solution with or without HPF 
molecules. The numbers shown on the x- axis are the titanium (Ti) sample numbers and the 
vertical lines on the bars denote the standard deviation. 
 
After injecting HPF biomolecules in the existing solution from Fig. 4.4(a) we can observe slight 
increase and decrease of the gloss values in comparison to buffer and water gloss response. This 
trend of gloss indicates that the biomolecules are interacting with the polished titanium samples. 
In Fig. 4.4(b) it can be observed that the optical roughness Ropt increases after adding HPF 
biomolecules in the buffer and water solution. Increasing trend of Ropt indicates that the 
attachment of HPF biomolecules is enhancing the roughness of the titanium samples and the 
coherence of the reflected beam from the surface having a thin layer also decreases [13]. 
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The average gloss and optical roughness values shown in Fig. 4.4 monitored for 2 hours by DOE 
were ranging between 99.36-100.65 GU and 29-108 nm, respectively. Four polished titanium 
samples Ti4, Ti5, Ti6 and Ti9 were analyzed by DOE for 2 hours. One of the temporal responses 
of two hour surface treatment is presented as an example in Fig. 4.5. The gloss and Ropt 
parameters of Ti9 polished titanium surfaces monitored by DOE is shown in Fig. 4.5(a) and (b). 
Red line denotes θ=0°, green θ=45° and red θ=90° polarization angle of the probe beam. The 
dashed vertical line indicates the addition of HPF biomolecules in the existing solution of water 
and buffer solution after 30 minutes of treatment. The DOE setup was same while measuring all 
the four titanium samples. 
 
Fig. 4.5: Temporal response of (a) gloss and (b) optical roughness recorded by DOE for 2 hours 
from a polished Ti9 titanium sample in water and buffer solution (I) and HPF biomolecules 
(II).The dashed vertical line at 1800 second denotes the addition of HPF. 
 
It can be clearly interpreted from the temporal response shown in Fig. 4.5 that the baseline 
measurement directly with water and buffer increased the instability of the measured signal. And 
the interaction of biomolecules with the titanium samples is not so clear. Due to this reason the 
effect of biomolecules on the polished titanium surfaces is represented statistically as shown in 
Fig. 4.4. The gloss response after the addition of HPF biomolecules decreased and Ropt increased 
in comparison to the baseline measurement. This trend of gloss and roughness indicates the 
attachment of biomolecules on the titanium surfaces. 
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The interaction of biomolecules with the titanium samples is clearer from the temporal responses 
obtained by the 5 hour surface treatment in comparison to the 2 hour treatment. In 5 hour surface 
treatment, system was stabilized during the baseline measurement only. So, the interaction of 
buffer solution and HPF biomolecules could be analyzed more clearly. While in 2 hour treatment 
the baseline measurement was performed for 30 minutes only which increased the instability of 
the signal. The effect of the treatment for 2 hour duration on the titanium surfaces is discussed 
more deeply in the discussion section. 
4.2 VASE analysis of protein adsorbed layer 
The long duration effect of the salts and biomolecules on the DOE sensed titanium samples was 
confirmed with the aid of VASE measurements. The biomolecules present on the titanium 
surface affects the reflectance and helps in explaining the bonding between biomolecules and the 
polished titanium surfaces.  
The mean complex refractive indexes with standard deviations for the native and treated titanium 
surfaces measured by VASE for the wavelength range 400-1000 nm are presented in Table 4.1. 
It is clearly observed from Table 4.1 that the adsorbed protein layer decreases the effective 
complex refractive index of the titanium samples which directly affects the light reflected from 
the surface.  
Table 4.1: Mean Complex refractive indexes (N) with standard deviations for the nine studied 
native and treated (DOE sensed) titanium samples for the wavelength range 400-1000 nm 
recorded by VASE, here i denote the imaginary part. 
Titanium 
sample  
    N of native titanium sample N of treated titanium sample 
Ti1 (1.73 ± 0.39) + (2.19 ± 0.33)i 
 
(1.11 ± 0.15) + (0.66 ± 0.11)i 
 
Ti2 (1.69 ± 0.33) + (2.24 ± 0.41)i 
 
(1.24 ± 0.06) + (0.89 ± 0.05)i 
 
Ti3          (1.65 ± 0.39) + (2.3 ± 0.43)i 
 
(1.45 ± 0.02)+ (0.44 ± 0.09)i 
 
Ti4          (1.87 ± 0.27) + (2.01 ± 0.30)i 
 
(1.32 ± 0.14) + (0.73 ± 0.18)i 
 
Ti5  (1.70 ± 0.39) + (2.18 ± 0.33)i 
 
(1.15 ± 0.19) + (1.35 ± 0.32)i 
 
Ti6  (1.71 ± 0.35) + (2.10 ± 0.36)i 
 
(1.31 ± 0.05) + (1.24 ± 0.24)i 
 
Ti7  (1.57 ± 0.35) + (2.45 ± 0.45)i 
 
(1.37 ± 0.23) + (2.29 ± 0.39)i 
 
Ti8  (1.88 ± 0.42) + (2.69 ± 0.47)i 
 
(0.56 ± 0.20) + (1.95 ± 0.69)i 
 
Ti9  (1.82 ± 0.42) + (2.62 ± 0.51)i 
 
(1.79 ± 0.41) + (2.60 ± 0.49)i 
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The VASE measurements were performed at 70° incidence angle and the respective reflectance 
values were calculated for normal incidence without any additional angular corrections. Because 
in the case of VASE, this angular correction procedure is done automatically by the 
microprocessor before giving the results. The respective reflectance curves shown in Fig. 4.6 and 
4.7 are calculated from the complex refractive indexes recorded by VASE for the wavelength 
range 400-1000 nm. The reflectance curves of the nine native titanium samples presented in Fig. 
4.6 shows that the reflectance of the native titanium samples is ranging between 30% - 60% and 
the curve obtained is quite smooth. 
 
 
Fig. 4.6: Reflectance R of native titanium (Ti) samples calculated from complex refractive 
indexes (measured by VASE) for wavelength (λ) 400-1000 nm. 
 
The reflectance of the DOE sensed titanium samples are presented in Fig. 4.7. It can be clearly 
observed that the reflectance of Ti1- Ti6 treated titanium samples drops by 50% in comparison to 
native titanium samples. The decrease in the reflectance indicates a clear interaction of the 
biomolecules with the titanium surface and also Ti1- Ti6 titanium surfaces are very rough. 
Almost no change in reflectance is observed in the case of Ti7 and Ti9 titanium samples. This 
indicates that when these surfaces were measured by DOE the biomolecules were not properly 
attached to the surface. In the case of Ti8 titanium sample we can observe a drastic increase in 
the reflectance. This increase in reflectance indicates the presence of air layer on the titanium 
surface.  A peak is observed in the reflectance measurement of Ti8 titanium sample at 420 nm. 
This peak might be due to the measurement of some secondary signals like fluorescence. The 
VASE analysis helps in understanding the adsorption ability of the polished titanium samples 
with the biomolecules in the liquid environment. 
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Fig. 4.7: Reflectance R of titanium (Ti) samples treated with salts and biomolecules calculated 
from complex refractive indexes (measured by VASE) for wavelength (λ) 400-1000 nm. 
The change in reflectance of DOE sensed titanium samples treated for 5 hours Ti1, Ti2, Ti3, Ti7 
and Ti8 and for 2 hours treated titanium samples Ti4, Ti5, Ti6 and Ti9 are presented in Fig. 
4.8.The effect of biomolecules on the titanium surfaces is presented statistically in Fig. 4.8 for 
better visualization of reflectance change. 
 
 
Fig. 4.8: Change in reflectance (ΔR) after treating the native titanium samples with biomolecules 
and buffer solution. Vertical lines on the bars denote the standard deviation and the numbers on 
x- axis denote the titanium (Ti) sample number. 
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From reflectance change presented in Fig. 4.8, it can be observed that the titanium samples 
analyzed by DOE for 5 hours i.e. Ti1, Ti2, Ti3, Ti7 and Ti8 indicate the interaction of 
biomolecules with the titanium surface. The positive change in reflectance after the treatment of 
titanium surface with biomolecule means the presence of air layer on the surface. This air layer 
increases the multiple reflection of beam. A small change in the reflectance of Ti7 titanium 
sample indicates poor attachment of the biomolecules on titanium surface. The reflectance 
behaviour of Ti1, Ti2 and Ti3 titanium samples is explained using Fig. 4.6 and 4.7. The lowered 
reflectance after the treatment with the biomolecules i.e. negative reflectance change might be 
due to two reasons. Either due to the oxidation of the surface or the adsorption of the HPF 
biomolecules on the titanium surface during the DOE measurement [1]. 
The observed reflectance change of polished titanium samples Ti4, Ti5, Ti6 and Ti9 analyzed by 
DOE for 2 hours indicates clearly the interaction of biomolecules with the surfaces. Only Ti9 
titanium sample shows the poor ability to adsorb the biomolecules in the liquid environment. The 
reflectance change for 2 hours treated titanium samples is low in comparison to the 5 hour 
surface treated samples.  
The relation between reflectance, topography and the adsorption ability of the titanium samples 
is more deeply discussed in the discussion section. 
 
4.3 Topography of protein adsorbed titanium samples 
Surface roughness plays an important role in the adsorption process of biomolecules on the 
surface. So, the topography of the titanium samples was analyzed with the aid of Mitutoyo SJ201 
diamond stylus. The basic surface roughness parameters i.e. average roughness Ra, peak to peak 
valley roughness Rz, root mean square (rms) roughness Rq, was measured using diamond stylus. 
The correlation length was calculated by autocorrelation of the measured surface profile with the 
values larger than     ≈ 0.368. The mean surface roughness parameters with standard deviations 
for the native and protein adsorbed titanium samples are presented in Table 4.2 and 4.3. The 
mean values of basic roughness parameters presented in Table 4.2 indicates that the native 
titanium samples in appearance were mirror-like but still some grooves were present on the 
surface due to some errors during the polishing of titanium samples. These grooves were 
responsible for the roughening of native titanium surfaces.  
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Table 4.2: Mean roughness parameters with standard deviations (average roughness Ra, peak to 
peak valley roughness Rz, root mean square roughness Rq, and correlation length CL) of native 
titanium samples. 
Sample Ra (µm) Rz (µm) Rq (µm) CL (µm) 
Ti1 4.73 ± 2.29 41.8 ± 18.4 7.04 ± 2.77 0.38 ± 0.1 
Ti2 0.4 ± 0.06 3.03 ± 0.62 0.49 ± 0.07 0.5 ± 0.1 
Ti3 2.19 ± 0.81 17.58 ± 7.31 2.98 ± 1.11 0.16 ± 0.09 
Ti4 1.5 ± 0.84 12.60 ± 8.07 2.16 ± 1.28 0.27 ± 0.09 
Ti5 0.39 ± 0.04 3.72 ± 0.46 0.52 ± 0.05 0.32 ± 0.03 
Ti6 2.02 ± 0.35 26.98 ± 16.52 3.51 ± 1.3 0.15 ± 0.02 
Ti7 0.95 ± 0.08 10.44 ± 1.58 1.51 ± 0.14 0.12 ± 0.01 
Ti8 0.19 ± 0.07 1.74 ± 0.62 0.25 ± 0.09 0.45 ± 0.0002 
Ti9 0.82 ± 0.27 8.43 ± 2.4 1.25 ± 0.37 0.41 ± 0.0001 
 
Table 4.3: Mean roughness parameters with standard deviations (average roughness Ra, peak to 
peak valley roughness Rz, root mean square roughness Rq, and correlation length CL) of protein 
adsorbed titanium samples. 
Sample Ra (µm) Rz (µm) Rq (µm) CL (µm) 
Ti1 2.63 ± 3.4 37.4 ± 41.8 4.12 ± 4.4 0.31 ± 0.0001 
Ti2 0.66 ± 0.09 8.12 ± 3.23 0.94 ± 0.23 0.15 ± 0.08 
Ti3 2.23 ± 0.5 18.82 ± 3.69 3.05 ± 0.45 0.21 ± 0.09 
Ti4 2.67 ± 0.23 17.33 ± 1.28 3.67 ± 0.23 0.4 ± 0.06 
Ti5 1.1 ± 0.6 8.94 ± 2.03 1.39 ± 0.72 0.39 ±  0.2 
Ti6 2.59 ± 0.17 47.86 ± 10.54 5.4 ± 0.53 0.2 ± 0.02 
Ti7 2.7 ± 0.21 26.3 ± 6.2 4.08 ± 0.6 0.15 ± 0.004 
Ti8 1.3 ± 0.9 42.1 ± 44.19 3.01 ± 2.7 0.52 ± 0.3 
Ti9 1.37 ± 0.26 13.92 ± 4.3 2.05 ± 0.5 0.15 ± 0.03 
 
The calculated correlation coefficient between the average roughness and the correlation length 
values of native and protein adsorbed titanium samples are 0.6479 and 0.2783. The calculated 
correlation value indicates that the correlation length values are not so significant for the 
explanation of adsorption process of biomolecules on native titanium surfaces. Average 
roughness parameter is considered for explaining the characteristics of protein adsorbed titanium 
samples. 
From Fig. 4.9 the effect of treatment by HPF biomolecules on correlation length can be 
observed. The correlation length of all the titanium samples except Ti1, Ti2, and Ti9 increases 
after interaction with the proteins. Increase in the correlation length indicates that the 
biomolecules fills the grooves present on the surface and becomes smoother [28]. Lower 
correlation length implies increase in the surface roughness. However, some discrepancies are 
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observed between the above fact and the measured values by diamond stylus in this study. From 
Table 4.2 and 4.3, it can be observed that in this study the roughness and correlation length of the 
titanium samples are not inversely proportional to each other except for Ti2 and Ti7 titanium 
sample. In Fig. 4.9 the correlation trend is not fixed i.e. it is increasing or decreasing for the 
titanium samples. It might be due to the sedimentation of salts on the DOE sensed titanium 
surfaces. 
 
 
Fig. 4.9: Mean correlation length CL (in µm) of the native and protein adsorbed titanium 
samples. Vertical lines on the bars denote the standard deviations and the numbers N on x- axis 
represents the titanium samples. 
 
The average roughness Ra (in µm) of the native and protein adsorbed titanium samples are 
presented in Fig. 4.10.The average roughness parameter plays an important role in characterizing 
the topography of the surface. All the titanium surfaces are unique having different topography. 
So, the interaction of the biomolecules with each surface might be different. To analyze the 
effect of roughness on the adsorption process of biomolecules average roughness parameter is 
statistically analyzed. 
From Fig. 4.10 it can be clearly observed that average roughness of titanium samples increases 
after treating with biomolecules except in the case of Ti1 titanium sample. The increased average 
roughness parameter indicates increase in the roughness of the surface. As the polished titanium 
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surfaces were already rough as observed by Table 4.2 roughness values. So, the protein 
adsorption enhanced the roughness of titanium samples. 
 
 
Fig. 4.10: Mean average roughness Ra (in µm) of the native and protein adsorbed titanium 
samples. Vertical lines on the bars denote the standard deviations and the numbers on x- axis 
represents the titanium (Ti) samples. 
 
The long term effect of biomolecules and salts on the topography of titanium surface is explained 
more in the discussion section. 
4.4 Goniometry results 
The surface wettability of the native and protein adsorbed titanium samples was analyzed using 
contact angle goniometry. The hydrophobic and hydrophilic nature of the surfaces also plays an 
important role in the interaction of biomolecules with the titanium surfaces. The mean contact 
angle values of the liquid droplet on the native and protein adsorbed titanium surfaces with 
standard deviation are presented in Fig. 4.11. It can be observed from Fig. 4.11 that all the native 
titanium samples are hydrophilic in nature because contact angle CA < 90° except Ti8 native 
titanium sample. This also indicates that the surface energy of all the titanium surfaces (except 
Ti8 native sample) is higher than the surface tension of the liquid droplet. The contact angle of 
liquid droplet on the protein adsorbed titanium surfaces is ranging between 14° to 66° indicating 
their hydrophilic nature except Ti7 treated titanium sample which has a water contact angle of 
92°. After the interaction of native titanium samples with biomolecules still the surfaces continue 
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their hydrophilic property except in the case of Ti7 treated titanium sample. The hydrophilic 
property of Ti7 titanium sample is converted to hydrophobic after treating it with the 
biomolecules. The change in surface wettability condition may be either due to the chemical 
reaction on the polished titanium surface or the topographical change of titanium surfaces due to 
adsorption [43]. 
 
Fig. 4.11: Contact angle CA (in degrees) of the liquid droplet on native and treated titanium 
samples. Vertical lines on the bars denote the standard deviation and the numbers on x- axis 
represents the titanium (Ti) sample number. 
 
The adsorbed HPF biomolecules having rod like and elongated structure are non-uniformly 
adsorbed on the hydrophobic titanium surfaces [6]. Due to the water repelling characteristic of 
hydrophobic surfaces gas nanobubbles are formed on the surface of titanium samples [2]. The 
nanobubbles formed may affect the interaction of the biomolecules with the titanium surfaces. 
From Fig. 4.11 it can be observed that all the native titanium samples except Ti8 native titanium 
sample are hydrophilic in nature so they interact with the biomolecules without any formation of 
gas nanobubbles on the titanium surface.  
As all the titanium samples are unique having different topography. So, different contact angles 
are formed by the liquid droplet on the titanium surfaces. From Fig. 4.11 it can be observed that 
there is no fixed contact angle trend after treating the native titanium samples with biomolecules. 
The variation in the contact angle after the treatment of titanium surface with biomolecules may 
be due to the altered morphology [44] and sedimentation of salts after DOE measurement. The 
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effect of surface wettability property and surface energy on the adsorption process of the 
biomolecules on the titanium surfaces is discussed more in the discussion section. 
 
4.5 Discussion of results 
First it is important to understand the changes in the coherent (gloss G) and the non-coherent 
(optical roughness Ropt) responses recorded by DOE. The interaction of biomolecules on the 
titanium surface can be majorly explained by these two parameters which were monitored by 
DOE. The temporal response examples of optical signal presented in Fig. 4.3 and 4.5 indicates 
the idea behind the interaction of biomolecules on the titanium surface. For the proper adsorption 
of the biomolecules on the surface gloss decreases and optical roughness increases. As all the 
surfaces are unique and the topography of each surface is different so different trends of coherent 
and non-coherent responses were observed during the measurements. The reason behind the 
possible combinations of gloss and Ropt are as follow: 
 Decrease in gloss and increase in optical roughness indicates the adsorption of 
biomolecules on the surface [2]. Due to the presence of an adsorbed layer on the solid 
surface the reflectance of the light decreases and thus decreases the gloss of surface. The 
adsorbed layer due to the surface treatment of sample might enhance the roughness of the 
surface and decreases the coherence [13] of the signal which is reflected from the sample 
surface. Thus, increasing the optical roughness of the surface. 
 Decrease in gloss indicates the presence of an adsorbed layer on the surface and decrease 
in Ropt values indicates the grooves of the rough surface are filled by the biomolecules 
and the rough topography tends to become smoother.  
 Increase in gloss can be due to the presence of a gas layer or some chemical reactions on 
the surface [13]. The formation of gas bubbles [2] can also be one of the factors 
responsible for the increase in gloss. Increase in the gloss and variation in the optical 
roughness indicates the adsorption of biomolecules on the surface. 
 If there is small increase in gloss and almost no change in the optical roughness then the 
biomolecules are not properly attached to the surface [13]. So, the addition of 
biomolecules does not affect the topography of the surface. 
The above combinations of gloss and Ropt monitored by DOE can be used to analyze the average 
values of responses presented in Fig. 4.1 and 4.4. The effect of PBS addition on the titanium 
surfaces can be observed from Fig.4.1. When the titanium samples are exposed to PBS the gloss 
value of Ti1 and Ti8 titanium samples increases and decreases in the case of Ti2, Ti3 and Ti7 
titanium samples. Increase in reflectance (gloss) indicates the presence of air bubbles [2] and gas 
layer on the surface due to the strong chemical reaction of PBS. And decrease in gloss indicates 
the adsorption of the biomolecules on the surface. On the other hand, increase in Ropt indicates 
the movement of the gas layer [2] formed due the chemical reaction of PBS on the surface. 
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Nanobubbles are generally formed on the surfaces having hydrophobic nature i.e. contact angle 
of liquid droplet on surfaces is CA > 90° [2, 45]. The formation of gas bubbles also depends on 
the topography of the surface. Nanobubbles are generally more formed on the rough surfaces [2]. 
The nanobubbles have a stronger effect on the coherence of the probe beam reflected by the 
surface in comparison to the biomolecules adsorbed on the surface and are a major reason of 
increase in gloss of rough surfaces.   
During the five hour surface treatment of titanium samples by DOE as shown in Fig. 4.1 the 
interaction of HPF biomolecules with the titanium samples causes slight increase and decrease in 
the gloss value and the Ropt value slightly increases. This trend of gloss and Ropt indicates the 
positioning of the biomolecules on the surface but enhancing the roughness of the samples. 
During the two hour surface treatment of the polished titanium samples, when the HPF 
biomolecules are added the gloss slightly increases and decreases and the optical roughness 
increases in comparison to the water + buffer solution values. This surface treatment also 
indicates the adsorption of biomolecules on the titanium surface but increase in the roughness of 
the titanium surface due to the adsorption process. Thus, both the surface treatments of titanium 
samples are indicating the attachment of biomolecules but instead of making the surface 
smoother the adsorption of HPF is enhancing the roughness. 
From the goniometry results presented in Fig. 4.11 it can be clearly observed that both the 
surface treatments by biomolecules don’t change the surface wettability property i.e. the 
hydrophilic nature of the titanium samples continue except in the case of Ti7 titanium sample. 
The conversion of hydrophilic to hydrophobic nature may be either due to the chemical reaction 
on the surface or the change in the topography of the protein adsorbed titanium surface [43]. But 
after the surface treatment by biomolecules no fixed trend is observed in the contact angle 
measurement. It might be either due to the altered topography of the surface due to the 
adsorption of biomolecules [44] or the sedimentation of salts on the DOE sensed titanium 
surfaces. The hydrophobic nature of the Ti8 titanium sample is responsible for the formation of 
nanobubbles during the DOE analysis and supports the explanation of the trend of gloss and Ropt 
monitored by DOE.  
The ellipsometric results presented in Fig 4.6 and 4.7 also supports the DOE results of titanium 
samples. From Fig. 4.7 it can be observed that the reflectance of Ti1- Ti6 protein adsorbed 
titanium samples decreases in comparison to the reflectance of native titanium samples. The 
decrease in the reflectance indicates the adsorption of the biomolecules on the titanium surface 
during the DOE analysis [1] and the increase in roughening of the surfaces. There is almost no 
change in the reflectance of Ti7 and Ti9 titanium sample. The reason behind no variation of 
reflectance may be due to the poor attachment of the biomolecules on the titanium surface. The 
sudden increase in the reflectance of Ti8 treated titanium sample (shown in Fig. 4.7) may be due 
to the presence of air layer on the surface. The increase in reflectance of Ti8 treated titanium 
sample is in accordance with the coherent and non-coherent response of the DOE measurements.  
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The roughness values presented in Table 4.2 indicates that the native titanium samples were 
quite rough even after having polished and mirror-like surface. The grooves present on the 
surface of native titanium samples were responsible for the low reflectance of the native titanium 
samples presented in Fig. 4.6.  The increase in the roughness of the titanium samples treated with 
biomolecules is confirmed by the diamond stylus measurements. The topography of the surface 
plays an important role in the adsorption process of biomolecules. The average roughness Ra 
values presented in Fig. 4.10 explains the effect of surface treatment by biomolecules. When the 
titanium samples are treated with biomolecules the average roughness Ra of each of the surface 
increases except in the case of Ti1 titanium sample. This indicates that the protein adsorption on 
the surface increases the roughening of the surfaces. Thus, the measurement performed by 
diamond stylus also confirms the DOE analysis for both the surface treatments. 
To analyze the long term effect of biomolecules and salts on the polished titanium samples two 
surface treatments for 2 and 5 hours were monitored by DOE. It is observed that both the surface 
treatments are enhancing the roughness of titanium samples. But difference in both the surface 
treatments can be clearly observed from the temporal responses presented in Fig. 4.3 and 4.5. For 
both the surface treatments DOE setup is same but can be differentiated on the basis of baseline 
measurement of optical signal. In 5 hour treatment of the titanium samples the baseline 
measurement with water for 1 hour supported in the stabilization of the optical signal. And the 
effect of buffer and HPF biomolecules on the native titanium samples can be analyzed clearly. 
Whereas in 2 hour surface treatment monitored by DOE the reference signal recorded for 
polished titanium surface with water and PBS for 30 minutes is the reason behind the instability 
of the temporal response. The duration of 2 hour was not sufficient for the stabilization of the 
temporal response monitored by DOE. 
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  CHAPTER 5 
Conclusions 
 
 
The adsorption ability of the prepared titanium surfaces was optically analyzed in this study.  
The interaction of salts and HPF biomolecules with the polished titanium surfaces were 
monitored by diffractive optical element (DOE) based sensor for 2 and 5 hours. The results 
presented in this study indicate that both the surface treatments have similar effect on the 
polished titanium surfaces in wet environment. But the differences in the surface treatments were 
analyzed by the coherent and non-coherent responses recorded by DOE.  The optical 
characterization of the titanium surfaces indicates that the adsorption of the biomolecules on the 
titanium surface is enhancing the roughness. The duration of the surface treatment is influencing 
the interaction of biomolecules with the titanium surfaces. The effect of adsorption ability of the 
titanium surfaces can be more clearly analyzed through the surface treatment monitored by DOE 
for 5 hour because the optical signal is more stabilized in comparison to 2 hour treatment. 
The titanium surfaces were also characterized by variable angle spectro-ellipsometer (VASE), 
diamond stylus profilometer and contact angle goniometer. The reflectance, roughness 
parameters describing the topography and the surface wettability of the titanium surfaces 
analyzed with these techniques correlates with the DOE results. The optical characterization of 
the protein adsorbed titanium surfaces confirms the altered morphology of the titanium surfaces 
due to the adsorption of HPF biomolecules on the titanium surfaces.  
Thus, it can be concluded that the impact of salts and biomolecules for long duration alters the 
topography of the titanium surfaces but still supports the biocompatibility of the titanium.  
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